Idiosyncratic drug reactions (IDR) account for approximately 6%-10% of all adverse drug reactions. The unpredictable and serious nature of these reactions makes them a significant economic burden and safety concern to the health care community and the pharmaceutical industry. Clinical and laboratory evidence suggests that adverse immune responses against drug-protein adducts play a role in the pathogenesis of IDR. However, it remains unclear why only a small percentage of patients are susceptible to developing these reactions. We hypothesized that most patients develop immunological tolerance against drug-protein adducts as a default mechanism, and that IDRs can only occur when this tolerance is deficient or abrogated in susceptible individuals. Using a murine model of 2,4-dinitrochlorobenzene (DNCB)-induced delayed type hypersensitivity (DTH) reaction, our previously published data demonstrated that intravenous pretreatment of mice with dinitrophenyl-bovine serum albumin (DNP-BSA) induced immunological tolerance to subsequent DNCB sensitization, and that hepatic macrophages (Kupffer cells, KC) played an important role in mediating such tolerance. Further mechanistic investigation revealed that KC, acting as incompetent antigen-presenting cells, cannot elicit strong T cell reactions, and that they actively suppress T cell activation through production of prostaglandins. These findings suggest that KCs may play a critical role in regulating immune reactions within the liver and contributing to liver-mediated systemic immune tolerance.
INTRODUCTION
Idiosyncratic drug reactions (IDRs)-such as halothaneinduced allergic hepatitis, clozapine-induced agranulocytosis, procainamide-induced lupus, and carbamazepine-induced hypersensitivity syndrome-account for 6%-10% of all adverse drug reactions (Adkinson et al. 2002) . IDRs do not involve known pharmacologic properties of the drug and do not occur in most patients. Although only a small percentage of patients develop IDR, considering the number of drugs involved and the number of patients treated, these reactions are in fact quite common. Recent reports have estimated that IDRs accounted for 137,000 to 230,000 hospital admissions in the United States in 1998, with approximate costs of $275 to $600 million annually (Adkinson et al. 2002; Lazarou et al. 1998) . The unpredictable and serious nature makes IDR a significant problem in clinical practice, public health, and drug development. It is important to gain better understanding of the underlying mechanism of IDR to develop strategies to predict and prevent these reactions.
proteins are important in causing IDR. Among structurally similar anesthetics, which include halothane, isoflurane, and desflurane, the likelihood of causing IDR appears to correlate with the degree of reactive metabolite formation. Twenty percent of halothane is metabolized to trifloroacetyl chloride (TFA), and it is associated with the highest incidence of allergic hepatitis compared with isoflurane and desflurane, which are metabolized to TFA to much lesser degrees (Njoku et al. 1997; Satoh et al. 1989; Vergani et al. 1980) . The sites of reactive metabolite formation often correlate with the major tissue targets of IDR. Halothane is predominantly metabolized in the liver, and the major target of halothane-induced IDR is the liver. In contrast, clozapine is oxidized to a reactive metabolite by cytochrome P450 within the liver and by myeloperoxidase in activated neutrophils, corresponding to its association with hepatotoxicity and agranulocytosis.
The hapten hypothesis cannot explain how drug-protein adduct formation results in pathogenic immune reactions. Although most drugs form reactive metabolites, many of them, such as acetaminophen, do not cause overt immune toxicity (Nelson and Pearson 1990) . Moreover, reactive metabolites are generated in most patients, but only a small proportion will develop symptoms of IDR. Understanding why most individuals do not develop IDR may be the key to understanding the mechanism of these reactions and to identifying risk factors. One hypothesis is that immunological tolerance against drug-protein adducts, rather than adverse immune responses, develops in most patients as a default mechanism, and that IDR can occur only when the tolerance is deficient or abrogated in susceptible individuals.
THE ROLE OF HEPATIC KUPFFER CELLS IN IMMUNOLOGICAL TOLERANCE AGAINST HAPTEN-PROTEIN ADDUCTS
The hypothesis that drug-protein adducts induce immune tolerance was examined in a previous study using a mouse model of T cell-mediated, delayed-type hypersensitivity (DTH) reaction against a chemically reactive hapten, 2,4dinitrochlorobenzene (DNCB) (Ju et al. 2003) . The study demonstrated that intravenous (i.v.) pretreatment of female C57BL/6J mice with a bovine serum albumin conjugate of DNCB (DNP-BSA) resulted in a significant inhibition of the DTH response to subsequent DNCB sensitization. In contrast, pretreatment of mice with BSA did not reduce DNCB-induced DTH reaction, suggesting an antigen-specific tolerance (Figure 1 ). Immunohistochemical analysis revealed that, after i.v. injection to mice, DNP-BSA accumulates in sinusoidal cells, identified to be Kupffer cells (KC) ( Figure 2 ). The tolerance to DNCB-induced DTH reaction could be inhibited when KC were depleted by i.v. injection of mice with liposome-entrapped clodronate prior to DNP-BSA pretreatment (data not shown). Furthermore, the tolerance could be induced in naïve mice by adoptive transfer with a KC-enriched fraction of liver NPC obtained from mice tolerized by DNP-BSA pretreatment (Figure 3 ). In contrast, a KC-depleted fraction of liver NPC could not transfer tolerance ( Figure 4 ).
MECHANISM OF KC-MEDIATED T CELL TOLERANCE
Collectively, these data indicate that KC are a primary inducer of immunological tolerance against a hapten-induced DTH response, which is a T cell-mediated immune reaction. The mechanism by which KC induce T cell tolerance was investigated in a recently published study (You et al. 2008 ). The expression of antigen presentation-related molecules, such as FIGURE 1.-Induction of tolerance against 2,4-dinitrochlorobenzene (DNCB) sensitization by intravenous pretreatment with DNP-BSA (adapted from Ju et al. 2003) . Female C57BL/6J mice were i.v. injected with DNP-BSA, BSA, or saline one week prior to sensitization with 5% DNCB. After five days, the mice were challenged by applying 2.5% DNCB to the ear, and DTH responses were determined twentyfour hours post-challenge by measuring ear swelling using a caliper micrometer. The results are expressed as the mean ± SEM of ten mice per group. (*) p < .05 relative to BSA or saline-treated controls. Ju et al. 2003) . C57BL/6J female mice were i.v. injected with empty liposomes as a control (A) or liposome / clodronate to deplete KC (B). After two days the mice were i.v. injected with DNP-BSA, and two hours later, the animals were sacrificed and paraffin-embedded liver sections were stained for DNP-labeled cells with rabbit anti-DNP antisera (1 to 1000 dilution, original magnification 400x).
JU
TOXICOLOGIC PATHOLOGY Major Histocompatibility Complex (MHC) class II, B7-1, B7-2, and CD40, was analyzed by flow cytometry. The expression levels were compared among various antigen-presenting cells (APC), including KC, peritoneal macrophages (PM) and splenic dendritic cells (DC, known as potent "professional" APC). The data revealed that KC expressed similar levels of MHC II and co-stimulatory molecules, including B7-1, B7-2, and CD40, when compared with PM, but lower when compared with splenic DC ( Figure 5 ). The abilities of KC, PM, and splenic DC to induce antigen-specific T cell activation was examined using CD4 + ovalbumin (OVA)-T cell receptor (TCR) transgenic T cells, which respond to OVA 323-339 . T cell activation and proliferation were determined measuring 3 H-thymidine uptake. In contrast to a strong proliferative response induced by splenic DC, T cells were nearly completely refractory to KCinduced activation ( Figure 6 ). PM-induced T cell activation decreased with the increase of antigen concentration. This finding appeared to be a result of the increased nitric oxide (NO) production by PM at higher concentrations of OVA 323-339 , as the use of a NO inhibitor, N-monomethyl-L-arginine (L-NMMA), drastically increased PM-induced T cell proliferation ( Figure 6 ). However, NO was not detectable in cultures containing KC and T cells, and the addition of L-NMMA did not affect KCmediated T cell proliferation ( Figure 6 ). These data indicated that the mechanisms for the lack of T cell proliferation by the two types of macrophages were different.
The lack of T cell proliferation in response to KC stimulation could be owing to insufficient antigen presentation (signal 1) or inadequate co-stimulation (signal 2). The addition of anti-CD28 antibody in some KC/T cell co-cultures caused only a one-fold increase in T cell proliferation (data not shown), suggesting that enhancing signal 2 could not restore T cell activation to the level that was induced by splenic DC. However, KC were found to be as potent as DC in eliciting T cell proliferation when anti-CD3 antibody-induced T cell activation was examined ( Figure 7) . These data suggested that KC are poor APC owing to their inability to present antigens.
Interestingly, when KC were included in the co-cultures of DC and T cells, they could suppress DC-induced T cell activation (Figure 8) . The studies ruled out the possible involvement of interleukin-10, NO, 2,3-dioxygenase, and transforming growth factor (TGF)-β in KC-mediated T cell suppression (data not shown). However, the data revealed that KC produce significant amounts of prostaglandin (PG)E 2 and 15d-PGJ 2 , much higher than the levels detected in the culture supernatants of T cell alone or DC/T cell co-cultures ( Figure 9A ). Addition of indomethacin inhibited KC-mediated T cell suppression, and this inhibition was reversed by the addition of exogenous PGE 2 and 15d-PGJ 2 ( Figure 9B ). Collectively, these results suggested that PGE 2 and/or 15d-PGJ 2 produced by KC play an FIGURE 3.-Adoptive transfer of DNP-BSA-induced tolerance against 2,4-dinitrochlorobenzene (DNCB) sensitization to naïve mice with nonfractionated, T cell-depleted subpopulation of liver NPC (adapted from Ju et al. 2003) . Donor mice were i.v. injected with 5 mg of DNP-BSA or BSA. Four weeks later, liver NPC were isolated from both groups and then either injected directly to recipient mice (3 x 10 6 liver NPC / mouse) or used for the purification and injection into naïve mice with T cell-depleted CD45 + CD90 -(non-T) subpopulation of liver NPC (8 x 10 5 cells / mouse, > 99% pure). Two hours later, recipient mice were sensitized with 5% DNCB. After six days, the DTH responses were determined by measuring ear swelling twenty-four hours post-challenge with 2.5% DNCB. The results are expressed as the mean ± SEM of ten mice per group. (*) p < .05 relative to recipients of liver NPC obtained from BSA-treated donor mice. et al. 2003) . Donor mice were i.v. injected with 5 mg of DNP-BSA or BSA, and after four weeks, the mice were treated with liposome/ clodronate to deplete KC or with empty liposomes as a control. After two days, liver NPC were isolated and injected to three groups of recipient mice (3 x 10 6 cells/mouse). Two groups of naïve recipient mice were injected with liver NPC isolated from KC-nondepleted donor mice that were pretreated with BSA or DNP-BSA. The third group was injected with liver NPC isolated from KC-depleted mice that were pretreated with DNP-BSA (NPC-KC). Two hours later, mice were sensitized with 5% DNCB. After six days, DTH responses were determined by measuring ear swelling twenty-four hours post-challenge with 2.5% DNCB. The results are expressed as the mean ± SEM of ten mice per group. (*) p < .05 relative to recipients of liver NPC from BSA-treated donor mice. Vol. 37, No. 1, January 2009 TOLEROGENIC FUNCTION OF KUPFFER CELLS 15 
SUMMARY
KC are a tolerogenic population of APC within the liver, and they play an important role in the induction of tolerance to hapten-protein adducts. These cells may have a similar regulatory effect on immune reactions to drug-protein adducts, because the liver is the predominant site of drug metabolism, hence, the major site of drug-protein adduct formation. Further investigation of the underlying mechanism revealed the role of PGE 2 and 15d-PGJ 2 in mediating the immunosuppressive effect of KC. The findings suggest that impairment of the tolerogenic functions of KC, such as decreased prostaglandin production, owing to genetic or environmental factors may result in increased susceptibility to developing IDR in certain individuals. You et al. 2008 ). (A) CD4 + OVA-TCR transgenic T cells were cultured alone, or in the presence of dendritic cells (DC), KC, or DC and KC. After forty-eight hours, the supernatants were collected and the levels of PGE 2 and 15d-PGJ 2 were determined. The measurements were carried out in triplicate, and the results represent mean ± SEM. (*) p < .05 compared with T cell alone. (B) DC (2.5 x 10 4 /well) and KC (2.5 x 10 4 /well) were cultured overnight prior to the addition of CD4 + OVA-TCR transgenic T cells (5 x 10 4 /well). Indomthacin (INDO, 1μM) was included in some DC/KC overnight co-cultures. Further, a combination of exogenous PGE 2 (3 ng/mL) and PGJ 2 (3 ng/mL) was added in DC/KC overnight cultures. T cell proliferation was determined after three days as described above. The measurements were carried out in triplicate and the results represent mean ± SEM. (*) p < .05 compared with T cells stimulated by DC.
